In some applications in structural health monitoring (SHM), the acoustic emission (AE) detection technology is used in the high temperature environment. In this paper, a high-temperature-resistant AE sensing system is developed based on the fiber Bragg grating (FBG) sensor. A novel high temperature FBG AE sensor is designed with a high signal-to-noise ratio (SNR) compared with the traditional FBG AE sensor. The output responses of the designed sensors with different sensing fiber lengths also are investigated both theoretically and experimentally. Excellent AE detection results are obtained using the proposed FBG AE sensing system over a temperature range from 25 ℃ to 200 ℃. The experimental results indicate that this FBG AE sensing system can well meet the application requirement in AE detecting areas at high temperature.
Introduction
When the monitored materials are undergoing deformation, the internal cracks may generate and further extend, which will severely endanger the safety and reliability of the monitored structure. The acoustic emission (AE) monitoring technology is an excellent means for structural health monitoring (SHM) [1] [2] [3] . The AE sensors collect AE signals produced by the defects of the monitored structures. Through analyzing the feature parameters of the AE waveform, such as event count, amplitude, and duration, the position and severity of the AE source can be evaluated. In the situation of some SHM areas, the AE monitoring technique is required under the high temperature condition.
Previous studies have shown some methods for the AE detecting technique applied in the high temperature environment [4, 5] . The piezoelectric transducer (PZT) used in high temperature for AE monitoring is usually made of high temperature piezoelectric material, which is expensive and liable to electromagnetic disturbance [6, 7] . Another method for temperature AE detecting has been reported by Sun et al. [8] , Dixon et al. [9] , and Cheon et al. [10] . In their studies, buffer rods were utilized to connect the common PZT sensor and the high temperature materials to be measured. However, the installation and shape of buffer rods directly affected the reliability of the test results.
In this paper, we design an AE sensing system for the high temperature environment using the fiber Bragg grating (FBG) as the sensing element. We compare the output responses of the detection in an aluminum alloy (Al-alloy) plate between a traditional FBG AE sensor and the new designed FBG AE sensor. To investigate the output characteristics of the designed sensor, the sensing length of the sensor is gradually changed. A high temperature AE detecting experiment is performed using the designed high-temperature-resistant AE sensing system over a temperature range from the ambient temperature to 200 ℃.
High temperature FBG AE sensor fabrication
The FBG used in this paper is written in a high temperature resistance optical fiber surrounded by an outer polymide coating. The diameter of the outer coating, the middle cladding, and the silica core are respectively 145 μm, 125 μm, and 10 μm, as shown in Fig. 1 . The range of the appropriate operating temperature of the FBG is from -50 ℃ to 400 ℃. Figure 1 shows the principle of FBG sensing. The FBG is formed by writing a periodic modulation of the refractive index along a short section in the polymide-coated optical fiber [11] . The incoming light with the specific wavelength is reflected by the FBG based on the Bragg law: λ is evaluated as the sum of two effects: one is the geometric effect due to the modulation of the grating period under AE waves; the other is the photoelastic effect due to the change in refractive index [12] . In this case, (1) can be rewritten as
where AE ε denotes the strain field along the fiber generated by AE waves, 11 p and 12 p are the valid photoelastic coefficients, and ν is the ratio of Poisson. Figure 2 shows a schematic drawing for the designed high temperature FBG AE sensor. The substrate of the designed sensor is a polymide plate, which is a good medium for AE waves. The dimensions of the substrate plate are 22 mm × 5 mm with 2 mm thickness. This new designed FBG AE sensor has been verified to be insensitive to the mechanical strain applied on the monitored structure [13] .
As shown in Fig. 2 (a), the grating section of the FBG is not directly glued on the substrate plate. The optical fiber is bonded on the substrate plate using a heat-resistant adhesive at a distance of L / 2 from the grating section. L is defined as the sensing length of the designed sensor [see Fig. 2(a) ]. The end of the unbonded optical fiber is submersed in an index-matching gel to prevent noise due to back reflections. The resonance frequency n f of the designed sensor can be expressed as 2 
where n is the order of the AE wave mode, and c f is the velocity of the AE wave along the fiber. The first theoretical resonant frequency 1 f of the designed sensor is plotted in Fig. 3(a) . The first resonant frequency 1 f decreases as L increases. The bandwidth value of the resonant peak is shown in Fig. 3(b) . The bandwidth of the resonant peak decreases with an increase in L. 
Experiments and results
Experimental instrumentation consists of tunable laser, AE sensors, filters, photodetectors, amplifiers, and analysis software. The designed FBG-AE sensor and the traditional FBG-AE sensor are mounted on the surface of the Al-alloy plate as shown in Fig. 4 . The dimensions of the plate are 400 mm × 400 mm × 3 mm. The simulated AE signals are generated using a PZT actuator that is connected with a waveform generator. The PZT actuator is glued at the center of the plate.
The AE signals are detected by the FBG sensors and then through one port of the circulators (C 1 and C 2 ) transmitted to the photodetectors with built-in filters. The frequencies of the built-in bandpass filters are set at 100 kHz -300 kHz. The output signals of the photodetectors are amplified with a gain set at 30 dB. The amplified AE signals are processed and recorded using an AE system.
Because of the unrepeatable characteristic of the simulated AE signals, a direct comparison test between the two different FBG AE sensors is carried out by using two sensors to detect the AE signals at the same time. The two sensors are placed parallel to each other in a line and laid on the plate at a distance of 100 mm from the PZT actuator, as shown in Fig. 4 . The measured signals from the experiment are shown in Fig. 5 . Comparing the time and frequency responses between the traditional and novel FBG AE sensors, we can see that the signal amplitude of the novel FBG AE sensor is obviously higher than that of the traditional one. Therefore, the new designed sensor has a good signal-to-noise ratio (SNR) for the AE wave detection. After the experiment of comparison between the novel and traditional FBG AE sensors, we investigate the relationship between the response characteristics and the sensing length L of the novel FBG AE sensor.
Between measurements, three novel FBG AE sensors are designed with different sensing lengths L. As mentioned in Section 2, when L < 3mm, the FBG itself is glued to the substrate plate. The output responses of the designed sensors are plotted in Fig. 6 , with different sensing lengths L. According to (3) and Fig. 3 , the sensing length L affects the output response of the designed FBG AE sensors theoretically.
From the time response of the novel sensors, we can see that the single cycle of the collected signal becomes shorter as L decreases. For every graph, three resonant frequencies of the output response of the sensors with different L are obtained and listed in Table 1 . The resonant frequency of the sensor shows a clear decrease with an increase in L. We observe that the theoretical values shown in Table 1 and Fig. 3 well coincide with the measured results. In order to detect AE signals at high temperatures, the test apparatus shown in Fig. 7 is utilized. The Al-alloy plate is heated on a heating platform, starting at 25 and increasing to ℃ 200 . ℃ The measurement temperature is calibrated by a thermocouple. A 0.5-m-long steel rod is used as the wave guide to connect the PZT actuator with the heated plate. On one end, the PZT actuator is fixed on the steel rod, while the other end is placed on the Al-alloy plate. The PZT actuator is driven by a waveform generator to generate the simulated AE waves. The new designed AE sensor is at 10-mm distance from the AE source. The AE sensor is mounted using a high temperature resistant silicon sealant to ensure a good coupling. The sealant has a maximum operational temperature of 300 ℃. 
Conclusions
In this paper, a novel high temperature FBG AE sensor is designed with a strain-insensitive configuration, a good signal noise rate can be achieved by changing the sensing length, and a high speed FBG AE detection system is also proposed based on the tunable narrow-band laser demodulation technique. The sensor resonant frequency and bandwidth measurement with respect to the sensing lengths are analyzed. Both experimental and theoretical results demonstrate that there is a clear relationship between the output response and the sensing length. Finally, the proposed FBG AE sensing system is verified by the excellent results in the high-temperature AE detection experiments from the ambient temperature to 200 . According to these results, we can expect ℃ that the designed FBG AE sensing system can be useful for the applications of AE monitoring areas at the high temperature.
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